The growth of Streptococcus mutans Ingbritt in continuous culture at low pH or high growth rates repressed the biosynthesis of the components of the phosphoenolpyruvate:sugar phosphotransferase system (PTS). The cellular concentrations of the soluble components HPr, enzyme I (El), and EIII for mannose (IlIma") and EII activity for glucose, mannose, 2-deoxyglucose (2DG), and fructose were determined in membrane preparations from cells grown at pHs from 8.0 to 5.0 and at dilution (D) or growth rates from 0.1 to 1.0 h-'. The cellular levels of HPr and El varied less than threefold under all of the growth conditions tested. On the other hand, EII activity in membranes from cells grown at D = 0.1 h-1 was repressed by growth at pHs below 8.0, with cells grown at pH 5.0 completely devoid of ElI activity. In addition, cells grown at D = 0.5 and 1.0 h-1 exhibited little PTS activity for glucose, mannose, and 2DG and twofold-lower activity for fructose. These activities were stimulated by the addition of a membrane-free cytoplasmic fraction, and this activating activity was shown to be due to the presence of IIImaN. Estimation of the cellular content of IIlmaU indicated that the synthesis of this factor was repressed by growth above and below pH 7.0 and was particularly sensitive to growth at high rates. These results indicate that with S. mutans Ingbritt, both pH and growth rate regulate the genes for the synthesis of Ells involved in the phosphorylation of glucose, mannose, 2DG, and fructose and the gene for the formation of IIIman.
Sugar transport plays an important role in the metabolism of Streptococcus mutans, the principal etiological agent of dental caries (17) . The major route of sugar transport by the organism is via the high-affinity phosphoenolpyruvate (PEP): sugar phosphotransferase system (PTS) (1, 3, 9, 13), a group translocation process which utilizes PEP as an energy source and substrate and catalyzes sequential phosphorylation of the general, non-sugar-specific proteins enzyme I (El) and HPr, which are required for the uptake of all PTS sugars. In many cases, phospho-HPr, generated from phospho-EI, transfers the phosphoryl group directly to carbohydratespecific, membrane-bound ElI, which in turn phosphorylates the incoming sugar. In other cases, phospho-HPr transfers the phosphoryl group to a second sugar-specific protein called enzyme III, or simply III, prior to interaction with EII (6, 15, 16, 21, (23) (24) (25) (26) 28) .
Continuous-culture studies with S. mutans Ingbritt have indicated that the growth environment regulates glucose-PTS activity in a manner independent of the rate of glycolysis (8, 9) . For example, early experiments with decryptified cells demonstrated that glucose-PTS activity was repressed by growth at low pH (11) , at high dilution rates (D) or growth rates (5) , with sucrose (4), and in the presence of excess glucose (5) . More recently, EII activity for glucose and mannose, measured in isolated membrane preparations in the presence of excess El and HPr, was shown to be repressed by as much as 62-fold under conditions of low pH, high growth rates, and excess glucose compared with optimal PTS conditions at neutral pH with low levels of glucose (27) . Under the same conditions, the concentration of HPr * Corresponding author. measured by immunoelectrophoresis varied only twofold, indicating that glucose-PTS activity in S. mutans Ingbritt is regulated at the level of the sugar-specific membrane component(s). Similar regulation of EIl activity for glucose, mannose, and 2-deoxyglucose (2DG) was recently reported for a fresh strain of S. mutans growing in continuous culture (19) , and, in addition, the cellular concentrations of El, but not HPr, were shown to be influenced significantly by various environmental conditions.
We have recently studied in more detail substrate-dependent repression of the components of the glucose-PTS in S. mutans Ingbritt grown in continuous culture (12 (7) . The methods of culture maintenance and purity control for the test strains have been described previously (5) .
Growth conditions. Growth in continuous culture was carried out in LH 500 Series III chemostats (L. H. Engineering, Stokes Poges, Bucks, United Kingdom) with working volumes of 500 to 800 ml. The semidefined medium of Bowden et al. (2) was used, and the glucose concentration of the inflowing medium was 10 mM, making the cultures glucose limited. The pH in the chemostats varied between 5.0, 6.0, 7.0, and 8.0 according to the experiment and was maintained automatically by the addition of 2 M KOH. In addition, growth was carried out at D of 0.1, 0.5, and 1.0 h-1 (tD = 7, 1.4, and 0.7 h), and the gas phase was 5% CO2 in nitrogen. Since glucose was limiting the growth of the organism in the chemostat, D is directly equivalent to the growth rate of the organism (20) . Daily routine maintenance of the chemostats was as described previously (10) . The cultures were grown under each condition for at least 10 mean cell residence times before steady state was considered to have been established and cells were collected for the appropriate assay. Cell biomass was determined with each cell preparation by filtering, drying, and weighing five samples on prewashed, preweighed 0.45-,um-pore-size polycarbonate filters (Nucleopore Corp, Pleasanton, Calif.).
Assay of EI and HPr. The cellular concentrations of El and HPr were determined by rocket immunoelectrophoresis with rabbit antibodies directed against the purified El and HPr proteins isolated from S. mutans DR0001 by methods previously described (12) . These antibodies react with the proteins from S. mutans Ingbritt (12, 27) . Cellular concentrations of HPr were calculated on the basis of a molecular weight of 8,300, while calculations for El were based on a weight of 67,600 (21) .
Preparation of ElI-containing membranes. Membranes were prepared from intact cells collected via the chemostat overflow onto ice for periods not exceeding 16 h during steady-state growth. The cells were washed twice in 10 mM potassium phosphate buffer (pH 7.5) containing 1 mM EDTA, 14 mM 2-mercaptoethanol, 0.1 mM phenylmethylsulfonyl fluoride, and 0.1 mM pepstatin A (PEMPP buffer) and frozen at -70°C until sufficient cells (3 to 5 g) had accumulated to prepare membranes. Cells (2 to 3 g) were ground in levigated alumina (3 g of alumina per g of wet cell paste) for 20 min in a refrigerated mortar (-20°C), and 2 ml of PEMPP buffer was added for each g of cells (23) . Alumina was removed by centrifugation at 2,400 x g for 5 min, and the cells and cell debris from the supernatant were sedimented by a further centrifugation at 24,000 x g for 20 min. The supernatant was collected (20,000 S fraction), and membrane fragments were sedimented at 110,000 x g overnight. The resulting supernatant corresponded to the cellular extract, which was used to measure the intracellular concentration of HPr, EI, and IIIman, while the resulting pellet was suspended in 50 mM PEMPP buffer (without pepstatin) containing 0.1 M KCl and centrifuged once more at 180,000
x g for 4 h. The membranes were then suspended in the same buffer without KCl and frozen at -40°C.
Assay for EII activity. EII activity was assayed by measuring the PEP-dependent phosphorylation of 14C-labeled glucose, mannose, 2DG, and fructose. All assays were carried out in the presence of excess HPr and EI purified from S. mutans DR0001 as previously described (12 Fig.   2A ), the amount of HPr varied from 8.8 to 16.5 nmol/mg of protein, with the highest value at D = 0.5 h-1, while at pH 5.0, the cellular level increased almost twofold, from 9.5 to 17.4 nmol/mg of protein (Fig. 2B) when the growth rate was increased from 0.1 to 1.0 h-1. Even with these differences between the two pHs, the overall means were similar, i.e., 11.8 ± 2.4 versus 13.7 ± 2.3 nmol/mg of protein for cells grown at pHs 7.0 and 5.0, respectively. Similarly, the values of El varied from 0.38 to 0.62 nmol/mg at pH 5.0 and from 0.68 to 1.0 nmol/mg at pH 7.0. However, no trend in cellular level was observed at the three different growth rates. It can be noted, however, that the overall mean for cells grown at pH 7.0 (0.84 ± 0.09 nmol/mg of protein) was significantly higher than that for cells grown at pH 5.0 (0.51 ± 0.07 nmol/mg of protein).
Calculation few trends were observed, and the differences were not profound. Furthermore, as will be seen later, although significant levels of HPr and El were found during growth at pH 5.0, the cells grown at this pH were devoid of EII activity for glucose, mannose, 2DG, and fructose.
Effect of growth conditions on EII activity. EII activity for glucose, mannose, 2DG, and fructose was assayed in membrane preparations of S. mutans Ingbritt grown under the same conditions as those outlined for the estimation of HPr and El. In all cases, washed membranes were assayed with an excess of HPr and El in the presence and absence of 400 ,ug of crude membrane-free cytoplasmic extract to test for the presence of III. As seen in Fig. 3 , ElI activity in cells grown with limiting glucose at D = 0.1 h-' and assayed in the absence of added cytoplasmic extract was directly related to the growth pH. Cells grown at pH 8.0 possessed the highest activity, while cells grown at pH 5.0 were completely devoid of EIl activity for all four substrates with or without added soluble extract. In all other cases, activity was stimulated by the addition of crude cytoplasmic extract, indicating the involvement of a soluble component in ElI activity. Control assays had indicated that the soluble fraction was free of membranes and that, therefore, the activating effect was due to a soluble component. EII activities for glucose (Fig. 3A) , mannose (Fig. 3B) , and 2DG (Fig. 3C ) was stimulated almost 2-fold at pHs 7.0 and 8.0, while the activation at pH 6.0 was much more profound, i.e., 25-, 14-, and 10-fold for glucose, mannose, and 2DG, respectively. Increases in the D or growth rate from 0.1 to 1.0 h-1 repressed ElI activities for glucose, mannose, and 2DG significantly in the absence of the crude cytoplasmic extract, such that negligible activities were observed at 0.5 and 1.0 h-' (Fig. 4A through C) . The addition of the soluble extract stimulated these activities almost twofold at D = 0.1 h-1. However, at 0.5 h-', significantly higher activation was observed. The addition of extract to the membranes prepared from cells at D = 0.5 h-' resulted in almost complete recovery of activity for EIISIC (i.e., 70-fold activation) compared with membranes incubated without extract. Although significant activation was observed with mannose (49-fold) and 2DG (14-fold), complete recovery of activity was not observed. In addition, while some small stimulation of activity was evident at D = 1.0 h-1 in the presence of added extract (except with 2DG), it was apparent that significant repression of EII activity had occurred at this growth rate. Figure 4D indicates that EIIfru activity was also repressed by high growth rates. However, the addition of the cytoplasmic extract resulted in minimal stimulation of activity.
Nature of the soluble factor. Previous research with the oral streptococci suggested that the soluble factor stimulating ElI activity in the experiments whose results are shown in Fig. 3 and 4 may have been the soluble, sugar-specific enzyme lrman (1, 24) . To test for this possibility, membranes from cells grown at pH 7.0 and D = 0.1 h' were preincubated for 30 min with purified El and HPr, membrane-free cytoplasmic extract, and antibodies directed against IIIran from S. salivarius ATCC 25975 prior to being assayed for EIIman by the addition of [14C]mannose. In this assay, activity was completely inhibited, indicating that the essential component in the soluble extract was Illman. As a control, anti-EI prepared from S. salivarius was substituted for anti-IIIman and gave similar results.
Clearly, the decrease in sugar phosphorylation seen in The influence of growth rate on the formation of IIIman was much more dramatic ( Fig. 6) and coincided with the repression of EIIman (Fig. 4B) . During growth of S. mutans Ingbritt at D = 0.5 and 1.0 h-1, the respective cytoplasmic iiIpan levels were only 35 and 26% of that at D = 0.1 h-1, while the membrane l1lman levels were 60 and 31%, respectively. Thus, the overall amounts of IIlman at D = 0.5 and 1.0 h-1 were two-and fourfold lower, respectively, than the amounts of IIIman synthesized in cells grown at D = 0.1 h-1. This repression did coincide with the EII repression observed in Fig. 4 .
DISCUSSION
Earlier continuous-culture studies with S. mutans Ingbritt demonstrated the repression of overall glucose-PTS in decryptified cells by various environmental conditions without identifying the components of the system affected (4, 5, 8, 9, 11). More-recent studies with this and other oral streptococci have begun to provide information on the cellular concentration of HPr, EI, and various Ells under changing growth conditions. The analysis of HPr and El in cells was made possible by the the isolation and purification of these proteins and the generation of antibodies against them, thereby permitting estimation by rocket immunoelectrophoresis. In studies with batch-grown cells of S. mutans ATCC 27352, Thibault and Vadeboncoeur (21) Although higher cellular concentrations of HPr were observed in this study than in previous studies, the changes in response to growth pH and growth rate were, nevertheless, relatively small in all cases. The most notable and surprising trend was a progressive increase in HPr levels as the growth rate or D was increased from 0.1 to 1.0 h-1 at pH 5.0, although the difference in the values was less than twofold ( From the analysis given above, one must conclude that in spite of a 3-U change in growth pH and a 10-fold increase in the growth rate in this study, variation in the cellular concentrations of HPr and El was less than 3-fold. This suggests a relatively minor role for the environment in the regulation of the genes for HPr and El. Somewhat larger effects on the cellular levels of HPr and El have been observed during concentration-dependent glucose repression of the glucose-PTS in S. mutans Ingbritt (12) . In these experiments, both HPr and El were repressed during growth at glucose concentrations above 2.6 mM; however, even at 304 mM, when the culture was growing in the presence of excess glucose, the repression of HPr and El synthesis was only fourfold.
With the oral streptococci, the available evidence suggests that the most significant influence of the environment on the PEP PTS occurs via the regulation of the genes for the specific enzymes EIl and IIImaf. Earlier studies with S. mutans Ingbritt (27) (27) .
The results of the present study indicate that EII' is regulated by a mechanism different from that controlling the activities of EIIgC and EIIraf. While the pH effect (Fig. 3D) was similar to that observed with these Ells, EIIf' activity was not repressed at D = 1.0 h-1 (Fig. 4D) . Furthermore, the addition of the cytoplasmic fraction had only a modest activating effect on the enzyme, indicating that IIlan is not a regulatory factor for EIIu activity. Our earlier study (27) demonstrated lower repression of EIIfru activity by changes in the growth conditions than that of EIIlgc and EIIlafl, and separate regulation for the fructose-PTS genes has also been suggested by the work of Gauthier and co-workers (6) and Liberman and Bleiweis (16) . The lack of an effect by the cytoplasmic fraction on EIIfru may be explained by the presence in S. mutans of a specific constitutive EIIfru that functions without III (6) .
In previous studies with S. mutans Ingbritt, the assumption was made that any III required for activity would be bound in the membrane preparation to the respective sugarspecific EII. When the ElI assays were carried out with only purified HPr and El, however, extensive repression of the EBIs for glucose, mannose, 2DG, and, to a lesser extent, fructose was observed when the cells were grown at pHs below 8.0 and at D = >0.1 h-1. In fact, cells grown at pH 5.0 and D = 0.1 hVl (Fig. 3) and at D = 0.5 and 1.0 h-1 and pH 7.0 (Fig. 4) were essentially devoid of activity. However, the stimulation of EII activity by addition of the dialyzed, membrane-free cytoplasmic extract containing IIIman indicates that, while repression was not completely ameliorated by the addition of the extract, the lack of EII activity when no extract was added was due to an inadequate supply of IIIman. The lower relative concentration of Illma, in cells grown at pH 6.0 (Fig. 5 ) and at D = 1.0 h-1 (Fig. 6) suggests that the alterations in growth pH and growth rate regulated the genes for the various Ells as well as the gene for IIIman
